Human skin is constantly exposed to solar ultraviolet radiation (UVR), the most prevalent environmental carcinogen. Humans have the unique ability among mammals to respond to UVR by increasing their skin pigmentation, a protective process driven by melanin synthesis in epidermal melanocytes. The molecular mechanisms used by melanocytes to detect and respond to longwavelength UVR (UVA) are not well understood. We recently identified a UVA phototransduction pathway in melanocytes that is mediated by G protein-coupled receptors and leads to rapid calcium mobilization. Here we report that in human epidermal melanocytes physiological doses of UVR activate a retinal-dependent current mediated by transient receptor potential A1 (TRPA1) ion channels. The TRPA1 photocurrent is UVA-specific and requires G protein and phospholipase C signaling, thus contributing to UVAinduced calcium responses to mediate downstream cellular effects and providing evidence for TRPA1 function in mammalian phototransduction. Remarkably, TRPA1 activation is required for the UVR-induced and retinal-dependent early increase in cellular melanin. Our results show that TRPA1 is essential for a unique extraocular phototransduction pathway in human melanocytes that is activated by physiological doses of UVR and results in early melanin synthesis.
Human skin is constantly exposed to solar ultraviolet radiation (UVR), the most prevalent environmental carcinogen. Humans have the unique ability among mammals to respond to UVR by increasing their skin pigmentation, a protective process driven by melanin synthesis in epidermal melanocytes. The molecular mechanisms used by melanocytes to detect and respond to longwavelength UVR (UVA) are not well understood. We recently identified a UVA phototransduction pathway in melanocytes that is mediated by G protein-coupled receptors and leads to rapid calcium mobilization. Here we report that in human epidermal melanocytes physiological doses of UVR activate a retinal-dependent current mediated by transient receptor potential A1 (TRPA1) ion channels. The TRPA1 photocurrent is UVA-specific and requires G protein and phospholipase C signaling, thus contributing to UVAinduced calcium responses to mediate downstream cellular effects and providing evidence for TRPA1 function in mammalian phototransduction. Remarkably, TRPA1 activation is required for the UVR-induced and retinal-dependent early increase in cellular melanin. Our results show that TRPA1 is essential for a unique extraocular phototransduction pathway in human melanocytes that is activated by physiological doses of UVR and results in early melanin synthesis.
S kin provides a protective barrier to the external environment. Solar ultraviolet radiation (UVR), a prevalent risk factor for skin cancer, evokes a unique response in human skin that leads to increased pigmentation (1) . UVR-induced pigmentation is a protective response mediated by melanin synthesis in human epidermal melanocytes (HEMs) to shield DNA from UVR-induced damage (2) . While the mechanism by which short-wavelength UVR (UVB) results in increased pigmentation has been characterized (1), very little is known about phototransduction of long-wavelength UVR (UVA) in human skin.
Transient receptor potential (TRP) ion channels were first characterized in Drosophila phototransduction as calcium-(Ca 2+ ) permeable ion channels, essential for light activation of rhabdomeric photoreceptors (3) (4) (5) . More recently, members of the TRP family have been implicated in a wide range of sensory functions, including photosensation, chemosensation, thermosensation, and nociception (6, 7) . In mammalian phototransduction, TRPC channels mediate a light-sensitive current in intrinsically photoreceptive retinal ganglion cells, which are responsible for nonimage-forming visual processes in the human retina (8) (9) (10) (11) . TRP channels are also expressed in the epidermis and are activated by noxious compounds, acidic pH, and temperature (12) (13) (14) .
We recently characterized a retinal-dependent, UVA-activated pathway in HEMs that is mediated by G protein activation and leads to a rapid Ca 2+ release from internal stores and Ca
2+
-dependent early melanin production (15) . Here we show that UVA phototransduction in human melanocytes activates a TRP channel, subfamily A member 1 (TRPA1), leading to a retinaldependent current and a rapid Ca 2+ influx. TRPA1 activation is G protein and phospholipase C (PLC)-dependent and causes a Ca 2+ influx necessary for UVA-induced early melanogenesis. Our results demonstrate that UVR doses corresponding to seconds to minutes of sun exposure activate TRPA1 channels in melanocytes to increase melanin production, providing evidence for TRPA1 function in mammalian extraocular phototransduction and melanin synthesis.
Results and Discussion UVR Activates a Retinal-Dependent Current in HEMs. Using a setup that allows for simultaneous electrophysiological recordings and exposure of cultured cells to UVR, we sought to investigate if ion channels present in the plasma membrane of human melanocytes are activated by physiological UVR doses. We exposed cultured HEMs to radiation with spectral characteristics similar to solar UVR and doses equivalent to seconds to minutes of full sun exposure (15) , and measured ionic fluxes across the plasma membrane using whole-cell patch-clamp recordings. Exposure to 240 mJ/cm 2 UVR (equivalent to 240 s of full sun exposure) evoked a significant increase in current at +80 mV only when HEMs were preincubated with retinal ( Fig. 1A) , the chromophore required for light activation of opsin G protein-coupled receptors (GPCRs) (16) . This current was independent of the form of retinal used: the UVR-induced increase in current at +80 mV normalized to capacitance values [I UVR (pA/pF)] was similar following preincubation with 9-cis [an 11-cis-retinal analog, 12 μM (17)], or all-trans retinal (12 μM) (Fig. 1B) . To further characterize this photocurrent, we used a voltage-step protocol to determine the current density as a function of voltage in the presence and absence of trans-or cis-retinal (Fig. 1C) . We found that the UVR photocurrent is outwardly rectifying and has a reversal potential near 0 mV, a current-voltage relationship consistent with many TRP channels (18) .
The ability of both forms of retinal to evoke a photocurrent might be because of the conversion of all-trans to cis-retinal in melanocytes, possibly using the retinoid isomerase RPE65, which is expressed in skin (19) and catalyzes the conversion of transretinal to the cis-conformation, as in the visual cycle in mammalian rod and cone cells (10) . Alternatively, the pigment mediating UVR phototransduction in HEMs could drive signaling using either cis-or trans-retinal, similar to the bistable opsins required for nonvisual phototransduction in the mammalian retina or invertebrate phototransduction (10, 20) .
UVR-Induced Current Is Activated by Physiological Doses of UVR. To determine the UVR dose-dependence of the retinal-dependent photocurrent, we measured current amplitudes in response to UVR doses between 40 and 440 mJ/cm 2 (corresponding to 40-440 s of exposure to full sun) ( Fig. 1 D and E) , resulting from exposure to 20 mW/cm 2 for increasing time intervals (2-22 s) (Fig. 1D) . UVRactivated current increased in a dose-dependent manner, required a minimum dose of 140 mJ/cm 2 , and reached saturating amplitude at 340 mJ/cm 2 ( Fig. 1E) , which was blocked in the presence of ruthenium red (RR, 10 μM), a broad TRP channel inhibitor (Fig. 1D) , suggesting that ion channels at the plasma membrane mediate the UVR dose-dependent increase in whole-cell current. Upon exposure to UVR, the current started increasing after a short latency (1.00 ± 0.12 s) and began to decrease shortly after the UVR stimulus ceased. The time constants for the UVR-induced increase in current and its return to baseline were measured by monitoring the current over a longer time period using a pulse protocol (Fig. S1A) to optimize cell health during continuous UVR exposure at +80 mV. At 340 mJ/cm 2 UVR, the current reached steady-state with a time constant τ on of 13.2 ± 2.9 s (n = 4) and decreased with a highly variable τ off that ranged from 8.5 to 35.6 s (n = 4) ( Fig. S1 B and C) . Thus, exposure to physiological UVR doses elicits a retinal-dependent increase in ionic current in HEMs that has a time course consistent with activation of a transduction cascade and may involve a TRP channel.
UVR-Induced Current Is UVA-Specific. Is this photocurrent specific to UVR or does it occur across a wider range of light frequencies? We measured the spectral sensitivity of the retinal-dependent photocurrent in HEMs and found that light-induced changes in whole-cell currents in response to equal doses (250 mJ/cm 2 ) of UVR, blue or green light were significant only in response to UVR (Fig. 1F) , suggesting that the photocurrent is UVR-specific. Solar UVR at the Earth's surface is comprised of ∼95% UVA (320-400 nm) and ∼5% UVB (280-320 nm) (21) and human skin elicits different responses to the two types of UVR. Although UVB exposure results in a delayed pigmentation response that occurs many hours to days later (22) , brief UVA exposure leads to a rapid and transient response within minutes via a largely unknown mechanism (23, 24) . Because UVA penetrates skin more deeply than UVB, HEMs, located in the basal layer of the epidermis, are exposed to significantly more UVA than UVB (25, 26) . Because our UVR-stimulation source contains ∼90% UVA and ∼10% UVB, we compared the photocurrent amplitude in response to 250 mJ/cm 2 UVR to the components 25 mJ/cm 2 UVB or 225 mJ/cm 2 UVA. UVA evoked a photocurrent equal to that evoked by UVR but UVB-induced photocurrent was ≤ 5% of UVR-induced current (Fig. 1F) .
TRPA1 Mediates the UVR-Induced Photocurrent in HEMs. We next sought to identify candidate ion channels for the UVR photocurrent. Because TRP channels are nonselective cation channels involved in many sensory signaling pathways (7), and TRPA1 is expressed in skin (14) and has a current-voltage relationship similar to the UVR photocurrent (Fig. 1C) , we tested whether TRPA1 mediates the UVR photocurrent. TRPA1 is activated by numerous noxious compounds, pungent chemicals, and GPCRs (27) (28) (29) (30) (31) , and was recently implicated in an extraocular UVR phototransduction system mediating light avoidance responses in Drosophila larvae (32) .
We first investigated whether TRPA1 antagonists could reduce the UVR-evoked photocurrent. Whole-cell currents measured at +80 mV in HEMs increased as expected in response to 240 mJ/cm 2 UVR in the presence of the vehicle control (0.5% DMSO), but not in the presence of the broad TRP channel antagonist RR (10 μM), or the TRPA1 antagonists camphor (1 mM) (33, 34) and HC-030031 (100 μM) (27, 35) (Fig. 2A) . The UVR photocurrent density was reduced by ∼95% in the presence of RR, by ∼93% with camphor, and by ∼83% in the presence HC-030031 ( Fig. 2B ) at all voltages (Fig. 2B , Inset), indicating that TRPA1 is a viable candidate for mediating the photocurrent.
TRPA1 Expression Is Required for UVR-Induced Current in HEMs.
To determine whether TRPA1 mRNA is endogenously present in HEMs, we used RT-PCR with TRPA1 specific primers. We amplified a band of the expected size (Fig. 2C) , which was sequenced and found to correspond to human TRPA1 cDNA (NM_007332). To test that TRPA1 mRNA expression results in functional protein, we monitored whole-cell currents in HEMs in response to TRPA1 agonists and antagonists. Cinnamaldehyde (CA, 500 μM) evoked a significant increase in whole-cell current at +80 mV, which was blocked by treatment with 100 μM HC-030031 or 10 μM RR (Fig. 2 D and E), indicating that functional TRPA1 channels are present in HEMs.
To assess if TRPA1 expression directly correlates with UVRinduced photocurrent, we used TRPA1-targeted miRNA to reduce endogenous TRPA1 levels. HEMs expressing TRPA1-targeted ) whole-cell current density in HEMs is dose-dependent. The current density of HEMs exposed to the UVR doses indicated in D were averaged for each dose, and the dose-response curve fit with a sigmoidal function. (F) The light-activated current in HEMs is UVA-specific. Mean amplitude of the increase in current density in HEMs stimulated with 250 mJ/cm 2 UVR (∼90% UVA and ∼10% UVB), the UVB component (280-320 nm, 25 mJ/cm 2 ), the UVA component (320-400 nm, 225 mJ/cm 2 ), 250 mJ/cm 2 blue (435-460 nm), or green (500-550 nm) light. UVA elicited a change in current density comparable to total UVR and much higher than UVB, blue or green. I UVR = (5.13 ± 0.48) pA/pF, I UVA = (4.85 ± 1.47) pA/pF, I blue = (0.34 ± 0.28) pA/pF, I green = (0.19 ± 0.05) pA/pF. n = 5-6 cells per condition, P < 0.0001 for UVR vs. UVB, blue or green, ± SEM.
miRNA had TRPA1 mRNA levels ∼85% lower compared with control miRNA (Fig. 2F ) and exhibited CA-evoked whole-cell currents ∼93% smaller than HEMs expressing control miRNA (Fig. 2F) , suggesting that TRPA1-targeted miRNA expression resulted in reduced levels of TRPA1 mRNA as well as functional protein. We then measured changes in current in response to 240 mJ/cm 2 UVR in HEMs expressing TRPA1-targeted or control miRNA (Fig. 2G) . We found that UVR-induced photocurrent was reduced by ∼92% in cells expressing TRPA1 miRNA compared with control miRNA (Fig. 2H) -permeable current, albeit irreversibly, at UVA doses ∼100-times higher than in our system, and with a different voltage dependence (36) . Exposure to UVA leads to generation of reactive oxygen species (ROS), which activate TRPA1 expressed in human embryonic kidney 293 (HEK293) cells (37) , which can be mimicked by exposure to 1 mM hydrogen peroxide (H 2 O 2 ) and reduced by the antioxidant dithiothreital (DTT, 10 mM) (37) . To test whether ROS mediate UVR-induced activation of TRPA1 in HEMs, we applied concentrations of H 2 O 2 (150 μM) that generate ROS levels similar to those generated by our UVR doses (38) and found no significant increase in HEM whole-cell currents ( Fig. S2 A and B) . In addition, DTT (10 mM) did not significantly alter UVR photocurrent ( Fig. S2 A and B) or Ca 2+ responses ( Fig. S2 C and D) . We conclude that ROS do not mediate TRPA1 activation in HEMs exposed to low UVR doses, although ROS may be relevant at higher UVR doses.
To test if UVR activates TRPA1 directly or through a signaling pathway specific to HEMs, we expressed TRPA1 in Chinese hamster ovary K1 (CHO-K1) cells and measured whole-cell currents elicited by CA (500 μM) or 240 mJ/cm 2 UVR. CA evoked an outwardly rectifying current in CHO-K1 cells expressing TRPA1, but not in untransfected cells. UVR, however, did not significantly increase the current in CHO-K1 cells expressing TRPA1 or untransfected, regardless of preincubation with retinal ( Fig. 3 A-C) . These results show that UVR-activation of TRPA1 is indirect and specific to HEMs.
Light is detected in the retina by opsin GPCRs and TRP channels can be activated downstream: TRPs contribute to melanopsin-activated phototransduction in intrinsically photosensitive retinal ganglion cells (8, 9, 11) , and also mediate the light-sensitive ionic conductance in Drosophila phototransduction (3-5). As UVR activates TRPA1 in a retinal-dependent manner and retinal is the chromophore required for opsin activation, we investigated if UVR activates TRPA1 downstream of an opsin-mediated G protein signaling cascade by blocking G protein activation with either guanosine 5′-O-2-thiodiphosphate (GDPβS) or suramin (39) (40) (41) . In HEMs dialyzed with GDPβS (1 mM) or suramin (50 μM), UVR failed to induce a significant current (Fig. 3 D and E) , suggesting that the photocurrent requires G protein signaling. We also examined if G protein-mediated activation of PLCβ is required for the UVR photocurrent. Treatment with the PLC inhibitor U73122 (9 μM) (42) significantly reduced the retinal-dependent UVR photocurrent at all voltages compared with its inactive analog U73343 (9 μM) (Fig. 3  F-H) . These results indicate an extraocular UVR phototransduction cascade in human melanocytes leads to TRPA1 activation through G protein signaling and PLC activation.
We recently characterized a retinal-dependent UVR-activated pathway in HEMs that leads to a rapid increase in intracellular ] ic (Fig. S3 A and B) . RT-PCR using HEM cDNA and TRPA1 specific primers identified a DNA band of the expected size that was analyzed and found to correspond to human TRPA1 cDNA. (D) Functional TRPA1 channels are present in HEMs. HEM whole-cell current measured at +80 mV was increased by TRPA1 agonist CA (500 μM), but not by coapplication of CA and TRPA1 antagonist HC-030031 (100 μM). (E) The mean whole-cell current density of HEMs was significantly increased by CA, but not when coapplied with RR (10 μM) or HC-030031 (100 μM). I CA = (8.46 ± 1.16) pA/pF, I CA/RR = (0.64 ± 0.08) pA/pF, I CA/HC-030031 = (0.08 ± 0.08) pA/pF. n = 4-5 cells per condition, P < 0.0007, ± SEM. (F) HEMs expressing TRPA1-targeted miRNA have reduced levels of TRPA1 mRNA and current. (Upper) Quantitative PCR (qPCR) analysis showed an ∼85% reduction in TRPA1 mRNA levels in HEMs expressing TRPA1-targeted miRNA, compared with control miRNA. n = 3 experiments, P < 0.002, ± SEM. (Lower) Mean CA-evoked (500 μM) current density at +80 mV in HEMs expressing TRPA1-targeted miRNA was ∼93% lower compared with control miRNA. I CA/ctrl miRNA = (6.56 ± 0.76) pA/pF, I CA/TRPA1 miRNA = (0.47 ± 0.22) pA/pF. n = 6 cells per condition, P < 0.0001, ± SEM. (G) Representative HEM expressing TRPA1-targeted miRNA exhibited a much smaller UVRinduced (240 mJ/cm 2 ) increase in current at +80 mV than a HEM expressing control miRNA. (H) HEMs expressing TRPA1-targeted miRNA had a ∼92% lower peak UVR photocurrent density compared with those expressing control miRNA. I UVR/ctrl miRNA = (4.66 ± 0.86) pA/pF, I UVR/TRPA1 miRNA = (0.35 ± 0.12) pA/pF. n = 9-10 cells per condition, P < 0.0001, ± SEM (Inset) UVR-induced increase in current density vs. voltage in HEMs expressing control or TRPA1-targeted miRNA.
Because the effect of increased [Ca 2+ ] ic on TRPA1 could be local, we also measured the UVR-induced current in the presence of intracellular BAPTA (10 mM), and observed no significant difference ( Fig. S3 A and B) . These results suggest that the UVRinduced activation of TRPA1 is independent of the Ca 2+ release that occurs in HEMs.
TRPA1 Contributes to UVR-Induced Calcium Responses. Our data suggest the UVR-induced, retinal-dependent, and G proteinmediated activation of TRPA1 is not caused by the Ca 2+ release triggered by the same stimulus (15) . It is more likely that in response to UVR, the calcium release and the TRPA1-mediated calcium influx are branches of the same pathway and both contribute to intracellular Ca 2+ elevation. We investigated the contribution of the UVR photocurrent to the UVR-induced retinaldependent increase in [ (Fig. 4 B and C) . The initial slope of the Ca 2+ response (during the first 20 s) was also decreased by ∼52% in the absence of [Ca 2+ ] ec , suggesting that Ca 2+ influx contributes to both the amplitude and kinetics of the UVR-induced Ca 2+ response. We previously did not detect a difference in amplitude (figure 2 in ref. 15 ) because we did not account for the variability in cellular responses by using paired experiments as we do now (Fig. 4C) (Fig. 4 D and E) . To determine if the influx-independent portion of the UVR-induced Ca 2+ response originates from intracellular stores, HEMs were preincubated with thapsigargin (1 μM) in the absence of [Ca 2+ ] ec , which completely abolished retinal-dependent UVR-induced Ca 2+ responses (Fig. 4 D and E responses in cells expressing TRPA1-targeted miRNA were reduced by ∼58% compared with HEMs expressing control miRNA (Fig. 4 F and G) . These results demonstrate TRPA1 expression is required for retinal-dependent UVR-induced Ca 2+ influx, which contributes significantly to the UVR-induced intracellular Ca 2+ response in HEMs.
TRPA1 Is Required for UVR-Induced Early Melanin Synthesis. We have recently shown that in HEMs UVR induces a retinal-and Ca
2+
-dependent increase in cellular melanin concentration within hours of exposure (15) . This early melanin synthesis occurs on a much faster time scale than previously described pathways (45) and is Ca 2+ -dependent (15) . Because UVR-induced TRPA1 activation contributes to increases in intracellular free Ca 2+ , we sought to determine whether TRPA1 activation is required for early melanin synthesis. We exposed HEMs to a UVR dose that results in a measurable increase in melanin (2.5 J/cm 2 , corresponding to ∼40 min of UVR exposure in full sun) and quantified retinaldependent changes in cellular melanin 8 h after UVR exposure relative to those measured in HEMs preincubated with retinal or preincubated with retinal and HC-030031, but not exposed to UVR. UVR exposure led to an ∼1.8-fold increase in melanin in untreated HEMs (vehicle) that was reduced by ∼80% in HEMs pretreated with the specific TRPA1 inhibitor HC-030031 (100 μM) (Fig. 5A) , suggesting that UVR-induced activation of TRPA1 contributes to early melanin synthesis.
To determine the contribution of TRPA1-mediated influx to Ca 2+ responses at UVR doses used to elicit an increase in melanin, we measured retinal-dependent Ca 2+ responses induced by 2.5 J/cm 2 UVR. We found that exposure of HEMs to higher UVR doses elicited a Ca 2+ response that remained elevated for a longer period, consistent with our previous results The CA-activated current in CHO-K1 cells expressing TRPA1 has a voltage-dependence similar to that of the UVR-induced current in HEMs (Fig. 1C) . Stimulation of CHO-K1 cells expressing TRPA1 and incubated with all-trans retinal with 240 mJ/cm 2 UVR did not evoke a current at any voltage. (D) The UVR-activated current is G proteindependent. The UVR-induced (240 mJ/cm 2 ) increase in currents at +80 mV in representative HEMs was abolished by intracellular GDPβS (1 mM) and by suramin (50 μM). (E) The UVR-induced (240 mJ/cm 2 ) increase in mean HEM whole-cell current density was significantly reduced by dialyzing cells with 1 mM GDPβS or 50 μM suramin. I UVR = (4.80 ± 0.36) pA/pF, I UVR/GDPβS = (0.30 ± 0.20) pA/pF, I UVR/suramin = (0.58 ± 0.07) pA/pF. n = 6-7 cells per condition, P < 0.0001, ± SEM. (F) The UVR-activated current is PLC-dependent. The UVRinduced (240 mJ/cm 2 ) increase in representative HEM whole-cell currents at +80 mV was abolished in the presence of the PLC inhibitor U73122 (9 μM), but not its inactive analog U73343 (9 μM). (G) UVR-induced increases in HEM current density as a function of voltage, in the presence of U73122 (9 μM) or its inactive analog U73343 (9 μM). (H) The UVR-induced (240 mJ/cm 2 ) increase in mean HEM whole-cell current density was significantly reduced by treatment with U73122 (9 μM) compared with its inactive analog U73343 (9 μM). I UVR/U73122 = (6.21 ± 0.85) pA/pF, I UVR/U73343 = (0.86 ± 0.28) pA/pF. n = 5-6 cells per condition, P < 0.0002, ± SEM. (15) . Treatment with HC-030031 (100 μM) decreased the peak amplitude of the Ca 2+ response and reduced the sustained elevation by a greater extent (Fig. 5B ). Taken together with our previous data suggesting that the sustained Ca 2+ response is important for UVR-induced early melanin synthesis (15) , these results indicate that TRPA1 activation is required to maintain the sustained [Ca 2+ ] ic response necessary for changes in cellular melanin.
We next investigated whether expression of TRPA1 is necessary for UVR-induced early melanin synthesis in HEMs. HEMs expressing control or TRPA1-targeted miRNA were stimulated with 2.5 J/cm 2 UVR and relative melanin increases were quantified 8 h after exposure. Remarkably, retinal-dependent changes in cellular melanin were abolished in cells expressing TRPA1 miRNA compared with control miRNA (Fig. 5C ). These results suggest that TRPA1 is essential for retinal-dependent UVR-induced early melanin synthesis. Thus, TRPA1 function is critical for a unique UVR phototransduction pathway in human melanocytes that leads to early melanin synthesis.
Conclusion
The ability to detect and respond to light stimuli is critical for survival. Human eyes do so using photoreceptors that transduce visible light into electrical signals to mediate visual and nonvisual processes (10) . We have shown that human skin also has the ability to detect and respond to UV light using a phototransduction mechanism in melanocytes (15) . We now demonstrate that TRPA1 is critical for UVA signaling in human skin cells and provide evidence that a retinal-dependent G protein cascade activates TRPA1 ion channels in a unique extraocular phototransduction pathway. Activation of this pathway leads to early melanin synthesis, thus allowing for rapid UVR detection and response in human melanocytes (Fig. S4) . Our results suggest that UVR activation of a TRPA1 conductance may have an important protective skin function in response to damaging UVR. The UVR-induced retinal-dependent increase in melanin was reduced by 78.7 ± 12.5% in HEMs exposed to 2.5 J/cm 2 UVR in the presence of 100 μM HC-030031 compared with vehicle control (0.5% DMSO). Relative melanin increase measured 8 h after UVR exposure of HEMs preincubated with all-trans retinal, and calculated relative to melanin increase in cells receiving identical treatment without exposure to UVR. n = 12 experiments, P < 0.0001, ± SEM. (B) The retinal-dependent UVR-induced peak Ca 2+ response in HEMs stimulated with 2.5 J/cm 2 UVR (20 mW/cm 2 for 125 s) in the presence of HC-030031 (100 μM) was reduced by ∼36.7%, but the sustained elevation measured 275 s after UVR stimulation was reduced by ∼70%. n ≥ 25 cells per condition, P < 0.007 for differences in peak Ca 2+ response and P < 0.02 for differences in sustained Ca 2+ elevation for n = 6 experiments. (C) The retinal-dependent increase in melanin in response to 2.5 J/cm 2 UVR measured 8 h after exposure was abolished in HEMs expressing TRPA1-targeted miRNA compared with control miRNA. The melanin increase was calculated relative to changes in melanin measured in nonirradiated cells preincubated with retinal and expressing the corresponding miRNA. n = 6 experiments per condition, P < 0.0007, ± SEM. coverslips for Ca 2+ imaging and electrophysiology and on Petri dishes for all other experiments.
Light Stimulation. UVR stimulation was performed as previously described (15) , using a Mercury-Xenon Arc lamp (Newport) with filtered output comparable to solar UVR. Each 1-s experimental irradiance of 10 mW/cm 2 equates to ∼10 s exposure to bright solar UVR. Light was filtered as described in SI Materials and Methods. Physiological doses were applied by varying pulse power or duration.
Electrophysiology. Modified Ringer's extracellular solution contained: 150 mM NaCl, 1.8 mM CaCl 2 , 1.2 mM MgCl 2 , 10 mM D-glucose, 25 mM Hepes; pH 7.4, 310 mOsm/L. Unless stated otherwise, the internal pipette solution contained: 140 mM CsCl, 1 mM MgCl 2 , 4 mM MgATP, 10 mM EGTA, 10 mM Hepes; pH 7.2, 290 mOsm/L. Whole-cell patch-clamp recordings were carried out at room temperature using an EPC 10 amplifier (HEKA Instruments) with PatchMaster software (HEKA Instruments), filtered at 2.9 kHz and digitized at 10 kHz.
Calcium Imaging. HEMs were incubated in the dark for 20 min in extracellular solution with 2 μM Fluo-4 AM (Life Technologies) and 250 μM sulfinpyrazone to prevent loss of Fluo-4 from cells, then for 20 min with 12 μM alltrans retinal, and transferred to the imaging chamber. Fluorescence images were acquired every 2 s using MetaMorph software (Molecular Devices) and analyzed as described in SI Materials and Methods. Cells were irradiated with UVR during time-lapse acquisition.
Melanin Quantification. Melanin was quantified as previously described (15) and briefly explained in SI Materials and Methods.
Statistical Analysis. Numerical data are mean ± SEM and P values were calculated using paired or unpaired two-tailed Student t test and considered significant when P < 0.05. n refers to the number of cells for electrophysiology experiments and the number of independent experiments for Ca 2+ imaging and melanin quantification.
